Alpha-particle energy spectra and angular distributions with respect to the estimated spin direction of residual nuclei have been measured in heavy-ion fusion reactions. The spin direction was determined for each event by measuring the y-ray angular correlation patterns using the Spin Spectrometer. Measurements were made for the compound nuclear systems " Sn*(94 MeV), " Sn (80 MeV), '"Nd (82 MeV), '~Yb (67 MeV), and ' Yb (135 MeV) at the indicated excitation energies as a function of the alpha-particle energy and y-ray multiplicity. The anisotropy coefficients below the evaporation Coulomb barrier show distinct diS'erences from "Osn to " Yb . These results and the shapes of the alpha-particle spectra are compared with statistical model calculations that incorporate deformation effects in the optical model transmission coefficients. The Sn data can be explained without invoking deformation effects other than the ones included in the experimental yrast lines. However, for the heavier Yb systems, a considerable spin-dependent deformation in the a-emission barriers is required. For these systems the a emission below the barrier is a sensitive probe for deformation that samples a broad range of excitation energies in the decay sequence.
I. INTRODUCTION The study of nuclear shapes at high angular momenturn and excitation energy is a topic of current extensive theoretica1 and experimental interest in heavy-ion physics. It is well known that collective nuclei near the yrast line are deformed, and their structure is well described by liquid-drop Strutinsky cranked shell model calculations.
A question of interest is the evolution of these shapes as the spin and the excitation energy (temperature) are increased. There is already considerable experimental evidence for the existence of superdeformed nuclei (P=0.6) at high spin. ' Theoretical calculations that explain these highly deformed shapes predict even higher deformations (P=0.9) for nuclei close to the fission stability limit.
Temperature-induced noncollective rotation in nuclei has been discussed with equilibrium shapes described by mean field theories, such as finite-temperature HartreeFock-Bogoliubov (HFB) cranking theory.
Increasing temperature at constant spin can induce phase transitions from one shape to another and from collective to noncollective rotation. Statistical shape Auctuations about the HFB shape have also been discussed. A number of experimental studies have been designed to explore the effect of high excitation and/or angular momentum degrees of freedom on the nuclear shapes. These are made, on one hand, by exploiting the y-decay properties (for example, study of giant resonances built on excited states) of the deexciting compound nuclei, ' or on the other hand, by extensive searches to find signatures of shape effects in the charged-particle decay properties of excited systems.
It is a well established fact that compound nuclei, with the highest possible angular momenta, often decay by emitting alpha particles. ' Alpha-particle emission can therefore be used as a probe of nuclear shapes at very high spin, during the early stages of the deexcitation.
Deformation effects make substantial changes in the transmission coefficients (Tt) for charged-particle emission, leading to strong enhancements of a decay, especially in the energy region below the evaporation Coulomb barrier. ' ' ' Simulation studies along these lines have motivated a number of experiments consisting of the observation of alpha-particle spectra in heavy-ion fusionevaporation reactions in a singles mode or in coincidence with evaporation residues. ' Besides the interesting problem of selecting the proper parameter set for calculating the TI's (Refs. 8, 15, and 17) and therefore interpreting such data on solid ground, one has to consider the following facts: (a) ter. ' ' In this method, the magnitude and orientation of the spin of the residual nuclei are deduced on an eventby-event basis. This makes possible detailed studies, such as the measurement of alpha-particle angular distributions with respect to the estimated spin direction. Furthermore, the y-multiplicity selection with the Spin Spectrometer allows us to study these decay characteristics as a function of the evaporation residue spin, which is closely correlated with the compound nucleus spin.
Therefore, the a-decay properties of different compound nuclear systems can be studied in detail. ' In this paper, alpha-particle energy spectra and angular distributions with respect to the estimated spin direction are reported for a number of compound nuclear systems ranging from the closed shell " Sn* to the rare earth ' Yb'. The a-emission properties of these systems are described by the anisotropy coefficients of the alphaparticle emission with respect to the estimated spin direction as a function of the alpha-particle energy and y-ray multiplicity. Differences in the emission patterns, in the energy region below the evaporation Coulomb barrier, suggest a nearly spherical shape in the case of" Sn' and a deformed emission shape for ' Yb'. Further evidence of these effects is found in the behavior of the 90' center of mass spectra, when proper y-multiplicity gates are imposed. As discussed in Sec. IV E, these findings are corroborated by both the known ground-state properties and data of giant resonances built on excited states of similar compound nuclear systems. The data for ' Nd' and Yb 90' c.m. spectra; (b) underestimates of the multiplicity-gated 90 c.m. spectra, which increase with spin; and (c) deviations in the trend of the anisotropy coefficients from the one predicted in the Sn' case, which also increase with spin. With a simple model, we show that inclusion of deformation effects in the transmission coefficients for charged-particle emission provides a good description of the alpha-particle spectra. A detailed comparison with the 170Ybe data is made, which shows the angular momentum dependence of the deformation effect in the alpha spectra. However, more elaborate calculations are required to describe the corresponding effect in the anisotropy coefficients of these systems. Despite these successes, the utility of the alpha-particle emission for studying nuclear shapes at high E* is hampered by the broad range of initial excitation energies which contribute in low-energy particle emission. Table II ).
were used in all cases (see Table I ). In the experiments employing Ni beams, the alpha particles were detected with four Si surface barrier telescopes positioned at the laboratory angles 60', 65', 60' and 60'. The locations of these telescopes were selected to correspond to - 90' in the center of mass system for the " Sn, ' Nd', and Yb' systems. A similar arrangement was used in the earlier experiments (' Yb' and " Sn ) , where the alpha particles were also detected near 90' in 90' in c.m. ) from the decay of the " Sn' compound system is shown in Fig. 1(a) . This distribution is closely related to the Mr distribution and indicates that the spin distribution extends to high angular momenta for this system. The small bump at k =8 is due to sequential emission from fissionlike decay channels. ' Fig. 1(b ' Sn, shown in Fig. 2(b) . The spectra corresponding to kz =11-14 and k&=27 -33 are represented by squares and circles, respectively. Here, the low-fold spectrum shows a shift in its peak position to lower energy. At the same time, it appears to be harder than the k =27 -33 spectrum.
Qualitatively, the difference in the slopes can be understood by the fact that the low-fold gate selects states of higher intrinsic excitation energy. Therefore, the corresponding particle spectra show a higher temperature. The fact that " Sn The ability to determine the spin direction event by event allows the observation of other interesting correlations in the observed spectra. One can study, for example, the spectra corresponding to different alpha-particle emission angles (p) with respect to the estimated spin direction, in a particular y-coincidence fold gate. This is demonstrated in Fig. 3 , where alpha energy spectra corresponding to a low and a high k -gate, at angles almost parallel (9'-l l ') =9-13, 14 -18, 19 -23, and 24 -30, respectively. (b) y-fold gated 90 center of mass alpha-particle spectra from " Sn*. The squares correspond to k =11-14 and the circles to k~= 27-33. (c) y-fold gated 90 center of mass alphaparticle spectra from ' Yb*. The squares correspond to k~= 11-14 and the circles to k~= 27-33. In (b) and (c), the closed squares represent the total (k~= 11-33) spectra. The spectra have been shifted along the vertical axis for display purposes, and the solid lines guide the eye. The p= 11' and p=9' spectra are similar, except for a difference in their high-energy slopes, the k =11-14 gated one being harder. However, in each k fold, one observes differences with the spectra corresponding to the emission perpendicular to the estimated spin direction, both above and below the Cou1omb barrier. These differences are depicted by dashed horizontal and vertical lines and give us a measure of the anisotropies of the a emission with respect to the estimated spin direction. These differences become stronger when k increases from 11 -14 to 23 -26.
An efficient way of examining these differences in the decay properties of these systems is to construct the angular correlation between the estimated spin direction and the direction of emission of alpha particles of a given center of mass energy, as a function of the y multiplicity. Examples of such angular correlations from the " Sn' system are shown in Fig. 4 for a given kr gate of (9 -13) The ratio of the single-particle level density of the nucleus at the saddle-paint deformation to that at equilibrium deformation was taken as af la "= l. B. The alpha-particle spectra Event files from FAcE2D were sorted to obtain the alpha-particle spectra at 90'+5 in the center of mass system corresponding to evaporation residues with y multiplicity M~11. The calculated spectra for the decay of the compound systems " Sn', ' Nd', ' Yb~, and Yb' are shown in Figs. 6(a) -(d) by dashed lines. They have been normalized to the total number of counts in the experimental spectra, except for the case of ' Yb', where a normalization for energies higher than the peak position was applied. The " Sn' spectrum is reproduced in shape and maximum position. There is a small overestimate of the a yield around the maximum. The maximum of the a spectrum from ' Nd* is also predicted at a slightly higher energy, and the low-energy part is slightly underpredicted.
The ' Yb* and ' Yb' spectra are also underpredicted in the sub-barrier region, the discrepancies being much greater, although the highenergy slopes are reproduced. In both cases, the calculated spectra peak at a higher energy. For ' Yb*, the underprediction of the spectrum at high energies ( & 30 MeV) is associated with a small nonequilibrium component.
The y-fold gated spectra at 90' center of mass are compared with the theoretical predictions in Fig. 2 . It has to be remembered that these spectra still contain an integration of the spin direction about the beam direction, for each fold. In Fig. 2(a) , the solid lines show the calculated spectra corresponding to the different k bins, for " Sn'. In all cases, the peak positions and high-energy slopes are well reproduced. Similarly, good agreement is obtained for the " Sn' for the two k -gated spectra, as shown by the solid lines in Fig. 2 (b}. In the case of ' Yb", we have large discrepancies, as shown in Fig. 2(c) . The calculation described above corresponds to the solid lines. The k~= 11-14spectrum is underpredicted in the sub-barrier region. There is also a discrepancy in the description of the high-energy tail. In the (high) k =27 -33 gate, the discrepancy is only in the sub-barrier region, and is much larger. The general features of the statistical model calculation of the multiplicity-gated spectra of Fig. 2 are the following: The behavior of the "'" Sn* spectra is well reproduced.
For ' Yb*, the sub-barrier parts of the spectra are underpredicted, and this increases with spin.
As will be shown in Sec. IV D, these discrepancies tend to disappear when the calculations are taking into account the nonsphericity of nuclei in the treatment of the transmission coefficients.
The above calculations show that in the reactions under study, there is only one alpha particle emitted in more than =94%%uo of the cascades involving a emission.
The deexcitation of " Sn* is the only exception, where the a multiplicity distribution, for a folds of 1, 2, and 3, is predicted to be 48%%uo, 38%, and 12 /o, respectively. C. The A2 coef6cients
The alpha-particle angular distribution Wz 2' in the case of " Sn'. The coefficients Bi (I;) are given by Bi(I, )= g( -1) ' '(2I, +1)' P(M~, M ) X(I,I, -M -M~zo) . Table III for " Sn' and ' Yb' and correspond center-of-mass spectra.
The results of this calculation for the 90' center of mass spectra of ' ' Yb' is shown in Figs. 6(c) Table II, except that the level density parameters were decreased to a = A /9. 5 and A/10. 5, respectively. This is a consequence of the limitations imposed by the scaling of Eq. (6) and the assumed weighting according to the corresponding surface element. For an emission along the major axis of the prolate spheroid (larger radius), we get an enhancement of the contributing partial waves for all of the energies, compared to the emission along the minor axis (smaller radius). The emission along the waist is weighted by a larger fraction of the nuclear surface. This limits the highest available partial waves at the highest energies and leads to softer spectra. The above change in the level density parameter was then necessary to compensate for this effect.
Such calculations can be used to demonstrate the angular momentum dependence of the deformation effect. We saw in Fig. 2 Fig. 7(a) shows the a-emitting states throughout the whole deexcitation process. The corresponding emitted alpha particles form the calculated spectrum of Fig. 6(d [Fig. 7(b) ], the population of the a-emitting states at some excitation energy E* increases with I, and all of these states are remote from the yrast lines. In the case of the sub-barrier gate [Fig. 7(c) Our results on the a-emitting states from a deformed system show a concentration of the deformed a-emitting states close to the yrast line. Theoretical predictions support the existence of deformed nuclear shapes under similar conditions. Such effects have to be examined experimentally in properly designed experiments of alphaparticle counting in coincidence with yrast y' transitions.
V. CONCLUSIONS
The study of deformation effects in the compound nucleus decay through its charged-particle emission properties is a difficult but challenging project of the current heavy-ion research. The difficulties arise from the complexity of the deexcitation process and the proper interpretation of the experimental results.
The development of the spin-alignment method with the Spin Spectrometer has given us the ability to study in detail the important correlation of the alpha-particle emission with respect to the estimated spin direction. 
